BIOLOGICALLY DERIVED NANOPARTICLE ARRAYS VIA A
SITE-SPECIFIC RECONSTITUTION OF FERRITIN AND THEIR
ELECTROCHEMISTRY

Jae-Woo Kim*, Sang H. Choi®, Peter T. Lillehei®, Glen C. King®, James R. Elliott",
Sang-Hyon Chu, Yeonjoon Park?, and Gerald D. Watt®,

% Science and Technology Corporation, Hampton, VA 23666;
® AMPB, NASA Langley Research Center, Hampton, VA 23681-2199;
° AAB, NASA Langley Research Center, Hampton, VA 23681-2199;
9 National Institute of Aerospace, Hampton, VA 23666;
¢ Department of Chemistry, Brigham Young University, Provo, UT 84602

ABSRACT

Nanoparticle arrays biologically derived from an electrochemically-
controlled site-specific biomineralization were fabricated on a gold sub-
strate through the immobilization process of biomolecules. The work re-
ported herein includes the immobilization of ferritin with various surface
modifications, the electrochemical biomineralization of ferritins with dif-
ferent inorganic cores, the fabrication of self-assembled arrays with the
immobilized ferritin, and the electrochemical characterization of various
core materials. Protein immobilization on the substrate is achieved by an-
choring ferritins with dithiobis-N-succinimidyl propionate (DTSP). A re-
constitution process of electrochemical site-specific biomineralization
with a protein cage loads ferritins with different core materials such as Pt,
Co, Mn, and Ni. The ferritin acts as a nano-scale template, a biocompati-
ble cage, and a separator between the nanoparticles. The nano-sized metal-
cored ferritins on a gold substrate displayed a good electrochemical activ-
ity for the electron transport and storage, which is suitable for bioelectron-
ics applications such as biofuel cell, bionanobattery, biosensors, etc.

Keywords: Ferritin, immobilization, site-specific reconstitution, biomin-
eralization, and bioelectronics

INTRODUCTION

Long-duration human space exploration requires enabling technologies that offer so-
lutions to many real and potential challenges as listed in NASA’s Bioastronautics Critical
Path Roadmap (BCPR).! The human body is an extraordinary and complicated system
that automatically detects and responds to dramatic environmental changes.> As one sys-
tem in the body changes, this change brings other changes in other systems throughout
the body, resulting in complex changes. Each problem area needs to be monitored using
sensors and treated by any cure mechanisms. These in-vivo sensing and cure modules
that would provide in-situ and accurate sensing and treatment capability require miniatur-
ized and biocompatible power source. Biological and medical problems occurring during
space missions, in fact, are closely related to many of the health issues on Earth. One
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critical change in astronaut body is significant reduction in muscle mass and strength af-
ter long-duration space flight.?

To be minimally invasive sensors combined with power generation and energy stor-
age devices to monitor health condition, system miniaturization and compact integration
are equally important. Various inorganic molecules appear to be good candidates as an
energy storage and generation materials. If they are easily incorporated into biological
molecules by employing bioinorganic chemistry techniques, a basic power unit can be
formed in such a small scale and ensure biocompatibility. The ferritin used in this work is
a natural iron storage protein that presents a high degree of structural similarity across a
wide range of biological species.® The ferritin molecule shown in Fig. 1 is composed of
24 organic subunits that build a segmented hollow protein shell with an outer diameter of
12.5 nm and an inner diameter of 7.5 nm. The
mineral core of naturally existing ferritins is
composed of an antiferromagnetic iron oxide
(ferrinydrite) within its hollow and spherical
protein interior. The assembled structure of fer-
ritin is remarkably stable and robust, and able to
withstand biologically extremes of high tem-
perature (up to 70 °C) and wide pH variations
(2.0 ~ 10.0).** Ferritin protein has hydrophobic
and hydrophilic molecular channels through the
protein shell, which enables the removal of the
inorganic phase in vitro by reductive dissolution. <
The reconstitution of ferrihydrite cores into a
ferritin protein cage proceeds through reminer-
alization of apoferritin by Fe?* oxidation, usu-
ally by O,. A synthesis of ferrimagnetic ferritin (y-Fe,O3) was prepared by a chemical
remineralization procedure®’ with the assistance of H,O, oxidant in 3-[(1,1-dimethyl-2-
hydroxyethyl)amino]-2-hydroxy-propanesulfonic acid (AMPSO) buffer (pH 8.5) at 65 °C
under N, gas. Biomineralization of other metals (i.e., Co,® Mn,*** and Ni'?) or semicon-
ductors (CdS)™ into the ferritin cavity has also been reported. Wong et al. demonstrated
the magnetic transition from super- )
paramagnetic to ferromagnetic CoPt € e
cored ferritin.***® Tetrachloroplati- = =
nated anion was moved to the fer-
ritin core and fabricated to Pt
nanoparticles by chemical reduction.
The electrochemical behavior of the
physically-adsorbed ferritin mole-
cules on indium-tin oxide (ITO)
glass was studied via cyclic volt-
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Figure 1. Schematic of the spherical shell of
the ferritin protein.
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ammetry.®*” The ferritin was well
adsorbed onto ITO substrate from
solution at a controlled electrode
potential and could be electro-
chemically induced to release the
iron core without the need for a re-
ducing agent.
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Figure 2. Schematic of the bio-nanobattery concept.
The redox potential difference between ferritins with
different core materials produces the electron transfer
from a donor to an acceptor.



As one application area of bioinorganic molecules, bionanobattery concept is based
on ferritin protein to store energy.*®? By reconstitution process of site-specific biominer-
alization within the protein cage, ferritins are loaded with different core materials such as
Co,® Mn,** Ni,*? Pt,?! etc. Each of the core material has a different redox potential and
can be fabricated into 2-D arrays for a high energy capacity. The bionanobattery consists
of two ferritin half-cell units with a different redox potential between them (see Fig. 2).
As another application area, direct energy harvesting“>° is an excellent strategy provided
that sufficient power is available without having to enlarge the system significantly. The
biofuel cells, functioning as an energy conversion device, is based on the ferritin reconsti-
tuted and/or combined other biomolecules to generate the power.?*?’

In this work, an electrochemically-controlled, site-specific biomineralization was
demonstrated through the immobilization of biomolecules on a substrate to produce the
biologically-derived nanoparticle array. The electrode surface was modified to ensure a
strong and stable adhesion of ferritin molecules and to reconstitute the core material with
another metal. We used the electrochemical biomineralization technique for the direct
reconstitution of immobilized ferritins on a gold electrode. We also demonstrated the
electrochemical behaviors of reconstituted ferritin electrodes for bioelectronics applica-
tions.

EXPERIMENTAL

Chemical Reconstitution of Ferritin. Apo ferritin was prepared by the reductive dis-
solution of native iron oxide cores of holo horse spleen ferritin (HoSF, Sigma) using the
thioglycollic acid procedure.?® Apo HoSF was further reacted with dithionite in the pres-
ence of bipyridine to remove iron. Protein concentrations were determined by the Lowry
method and confirmed by the absorbance at 280 nm which is a specific amino acid ab-
sorption peak.”® Co and Mn oxyhydroxide mineral cores were fabricated within the fer-
ritin interior.3*3* Apoferritin solution prepared in the above procedure was adjusted to a
proper pH level with 0.01 M NaOH. Co(NOs), (25 mM, 80 nl) was used as a cobalt
source and added to apoferritin solution, followed by addition of excess amount of H,O,
(3 vol.%, 40 pl). Co addition was conducted over 2 hr period with 10 min intervals,
maximizing metal loading. Just before Co ferritin started to precipitate due to excess Co
loading, the reconstitution reaction was stopped by adding 3 ul of catalase. In this work,
the amount of Co loading was measured to be 1600 Co per ferritin molecule. According
to spectroscopy results, Co atoms loaded inside ferritin exist as Co(lll)-oxyhydroxide,
CoOOH.? Higher Co loadings can be attained but the reaction becomes slow and the
yield decreases because of protein precipitation as the core approaches its theoretical
limit of 4000 Co per ferritin. This ferritin reconstitution can be basically applied to any
other metal loadings. Manganese also can be reconstituted in the cavity as manganese
oxyhydroxide (MnOOH) by natural oxidation. Also, nickel can be fabricated as nickel
hydroxide (Ni(OH),) during the hydroxylation process of nickel ion solution that requires
dissolved CO, and a precise pH control.*?

Electrochemical Reconstitution of Ferritin. Immobilization of ferritins on a Au elec-
trode is achieved by the self-assembly methods based on DTSP and alkanethiols. The Fe-
core inside ferritin is removed during a potential sweep at a given potential that is higher
than the Fe(l11) reduction potential in the presence of chelating agents such as bipyridine




(bipy, Aldrich, 99 %) and ethylenediaminetetraacetic acid (EDTA, Aldrich, 99 %) biso-
dium salt. The ferritin-immobilized Au electrode was prepared following the ferritin im-
mobilization procedure. A cleaned Au electrode was inserted into the DTSP and mercap-
topropanol (MPOH) solutions for 1 hr and then washed with acetone and HEPES buffer
in succession. The mixed self-assembled monolayer (SAM)-modified Au electrode was
immersed into the ferritin solution for 18 hr at 4 °C to produce the ferritin immobilized
Au electrode. This electrochemical removal of metal core with chelating agents produces
the analogous product of immobilized apoferritins on DTSP-modified Au electrodes. The
electrochemical biomineralization of ferritins is accomplished by a potential sweep or a
constant potential step with a more negative potential than the metal ion reduction poten-
tial in metal ion solutions. Electrochemical biomineralization of the immobilized ferritins
was carried out in a 0.05 M phosphate buffer (pH 7.5) solution containing a chelating
agent of EDTA at room temperature. The immobilized apoferritin was immersed into a
solution with the volume ratio of 3 to 1 of 0.05 M HEPES buffer (0.05 M) and
(NHg4)2PtCl4 (0.05 M) for 30 min. Platinum anions likely entered the ferritin through the
channels in the protein shell. The apoferritin containing platinum ion was washed with
0.025 M HEPES buffer several times and inserted into 0.05 M phosphate buffer again.
Platinum ion is electrochemically reduced to pure platinum through the potential cycling
to more negative potential than that of platinum ion reduction. Through the repetition of
this process, we can increase the number of atoms inside the ferritin. Using this method,
we can control the number of metal atoms deposited inside the ferritin by controlling the
total charge passed and the valance of the target metal is determined by the electrolyte pH
and the engaged potentials. In addition, this procedure allows for the electrochemical
biomineralization with various metals and an easy reconstitution without maintaining the
stringent conditions of an anaerobic environment with a precise control of pH and tem-
perature.

Electrochemical Measurements and Microscopic Analysis. Electrochemical meas-
urements of immobilized ferritins were carried out in a 0.05 M phosphate buffer (pH 7.5)
solution either with or without a chelating agent of EDTA at room temperature. Cyclic
voltammograms (CVs) were recorded using an EG&G PAR 273A potentio-
stat/galvanostat controlled by Power Suites software. Quartz crystal microbalance (QCM)
and electrochemical QCM measurements were performed using QCA 922A (EG&G) op-
erated by WinEchem software. For QCA/EQCM analysis, gold-plated quartz electrodes
(9 MHz AT-cut) were cleaned with doubly distilled, deionized water followed by im-
mersing in a piranha solution. An increase in mass corresponds to decrease in frequency
according to the Sauerbrey equation: *

Am = - Cf-Af

Where, Am is the mass change, Af is the change in frequency, and Cs is the sensitivity
constant (here, Cs is 1.068 ng/Hz). Each solution was purged with nitrogen for 10 min
before the acquisition of the electrochemical measurements. Gold on silicone wafer
(Platypus Technologies, 100 nm gold thickness) electrode was prepared as working elec-
trode, according to the above immobilization methods. The Ag/AgCI (in 3 M NacCl) elec-
trode was used as reference electrode. The counter electrode was a spiral platinum wire.
Field emission-scanning electron microscopy (FE-SEM) was carried out on a Hitachi S-
5200 on the immobilized ferritin layers and the reconstituted ferritins. The immobilized
ferritins layer was thoroughly rinsed with 25 mM HEPES buffer and doubly distilled, de-
ionized water, dried in a nitrogen atmosphere, and then subjected to the microscopic
analysis.




RESULTS AND DISCUSSION

Electrochemical Behaviors of Chemically-Reconstituted Ferritin. A cleaned Au
electrode was inserted into the DTSP and MPOH solutions for 1 hr and then washed with
acetone and HEPES buffer in succession. The mixed SAM-modified Au electrode was
immersed into the ferritin solution for 18 hr at 4 °C to produce the ferritin immobilized
Au electrode. The topography and electrochemical behavior of this electrode are shown
in Fig. 3a and b, respectlvely The electron transfer between the ferritin core metals and
the substrate occurred easily on the im-
mobilized ferritin electrode. The reduction
of Fe(lll) occurred at — 0.65 V gradually
and then the current decreased depending
on the number of cycles but the oxidation
of Fe(ll) was not observed in the reverse
potential scan. The CVs are consistent
with the fact that although Fe(ll) is solu-
ble in phosphate buffer, Fe(lll) is not.
This difference in solubility is particularly
apparent when Fe(ll) solutions are ex-
posed to air. The rapid oxidation of Fe(ll)
(b) to Fe(ll1) occurs at pH 7 forming a white
precipitate of FePO, within a few seconds,
since the phosphate anions have a strong
affinity for iron oxyhydroxide.*® The ratio
02 of phosphate to iron for mammalian fer-
\N ritin is 10 % with phosphate possibly ad-

01 sorbed on the surface of the iron oxyhy-
E droxide. Thus, the reduced Fe(ll) ions are
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recorded during each cycle on the immobilized ferritin electrode were + 265, + 139, +
100, + 119, and + 67, respectively, for the Fe(ll) release. This tendency is exactly the
same as that shown by the CV results (see Fig. 3b) to reduce the cathodic current density
depending on cycles, indicating that the reduced Fe(ll) is released into the solution. Dur-
ing the forward scan, the frequency increase is due to the proton insertion and precipita-
tion of FePO, made by combination of reduced Fe(ll) and phosphate ions on electrode
surface. We measured the number of ferritins immobilized on DTSP and MPOH-
modified Au electrode is 6.59 x 10 from QCA data (not shown here). Based on the
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Figure 4. (a) CV of physically adsorbed Co-cored
ferritin in 0.05 M phosphate buffer (pH 7.5). (b)
FE-SEM image and (c) CV of immobilized Co-
cored ferritin on DTSP and MPOH-modified Au
electrode in 0.05 M phosphate buffer (pH 7.5).

number of ferritins on Au electrode, the
total number of Fe release from one fer-
ritin is 1206, indicating that the iron is re-
leasing more than 50 % of normal number
(= 2000) of Fe in a ferritin for the first five
cycles.

The iron-core inside ferritin was re-
placed with cobalt through the above pro-
cedure with the aid of H,O, oxidant. Au
electrode was cleaned chemically before
inserted in the MOPS buffer solutions con-
taining Co-cored ferritin (0.5 mg/ml) for
18 hr. Figure 4a shows the current-voltage
curve of physically-adsorbed Co-cored
ferritin on Au electrode in 0.05 M phos-
phate buffer at pH 7.5. The peak at 0.15 V
represents the reduction of the physically-
adsorbed Co-cored ferritin layer. It is not
induced from reduction of free Co ions in
the ferritin reconstitution sample because
the free Co ions were removed when the
sample was passed through a G-25
Sephadex column. The redox pair of co-
balt around 0.15 V is induced from reduc-
tion of CoOOH to Co(OH), and the corre-
sponding oxidation for the reverse scan.
This reaction was so reversible that the
phosphate buffer did not affect it. In spite
of the large population of ferritin on the
substrate, the current signal of Co-cored
ferritin layer is small due to the small
number of cobalt metal atoms inside fer-
ritin molecule. The topography and elec-
trochemical behavior of immobilized Co-
cored ferritin on DTSP and MPOH-
modified Au electrode are shown in Fig.
4b and c, respectively. The ferritin popula-
tion in spite of the low concentration of
ferritin is similar with one of Fe-cored fer-
ritin. It shows well-dispersed Co-cored



ferritin on Au electrode. The capacitive current of immobilized Co-cored ferritin elec-
trode is smaller than that of physically-adsorbed ferritin layer due to the surface modifi-
cation with SAM. The cathodic and anodic peaks of cobalt clearly show at 0.08 and 0.26
V, respectively. The increased overpotential on the immobilized Co-cored ferritin is
about 70 mV on both the anodic and the cathodic reactions due to the surface modifica-
tion using DTSP.

We measured the electrochemical behaviors of Mn-cored ferritin reconstituted by
natural oxidation. Figure 5a shows a FE-SEM image of physically adsorbed Mn-cored
ferritin on Au electrode. The cleaned Au electrode was immersed in the MOPS buffer
solution containing Mn-cored ferritin at a concentration of 2 mg/ml for 18 hr. Although
Mn-cored ferritin has a higher concentration than Co-cored ferritin, the population of
Mn-cored ferritin on Au was not higher. Mn(1V) is an important candidate material
mainly as electrolytic manganese dioxide is an excellent cathode material for high per-
formance batteries.*** The electrochemical oxidation of manganese is very complicated
since its oxidation produces different products with their oxidation states between Mn(ll)
and Mn(V1I) depending on experimental condition. The oxidation of manganese in alka-
line media is described as consisting of a number of steps: Mn(OH), is produced at a low
applied potential and higher oxidized states are obtained at more positive potentials. CVs
were recorded during the two cycles of physically-adsorbed Mn-cored ferritin on Au in
0.05 M phosphate buffer with different pH as shown in Figure 5b. There were two ca-
thodic peaks and two anodic peaks during potential sweep. For the first cycle, the ca-
thodic peak at 0.25 V did not appear because manganese was present at three valence
states inside ferritin. First, MNnOOH is reduced to the Mn(OH), at - 0.2 V and Mn(ll) is
oxidized to Mn(lll) at 0.1 V. Generally, anodic counterpart of cathodic peak at -0.2 V is
not identified in CVs in high pH solutions. In our case, we can see the shoulder-like small
peak at 0.1 V (pH 9.0) and 0.3 V (pH 7.5) in weakly basic media. The large anodic peak
results from oxidation to higher valence oxides inside ferritin. The large cathodic peak
corresponds to the reduction of anodic reaction products at 0.75 V. This oxide layer
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Figure 5. (a) FE-SEM image and (b) CVs of physically adsorbed Mn-cored ferritin in 0.05 M phos-
phate buffer (pH 7.5).

seems to be made of MnO;, hydroxide, and/or mixed oxides such as MnOy(OH)y, be-
cause it results from oxidation of Mn(OH), and/or MnOOH. For the bionanobattery ap-
plication with Mn-cored ferritin, we have to change the ionic state of manganese from + 3
to + 4 chemically or electrochemically for gaining the higher cell potential because the



chemically self-fabricated ferritins composed of MnOOH.?™* Mn-cored ferritin used as a
cathode has to be oxidized to higher oxidation state because the redox couple of
Mn(I1)/Mn(l11) has a low equilibrium potential and the oxidation of Mn(ll) can not be
observed.

A redox couple of nickel,
ie., nickel hydroxide
(Ni(OH),) and nickel oxyhy-
002 droxide (NiOOH), was shown

I K/ ] to be involved in the oxidation

of nickel oxides in phosphate
\ N

0.00

buffer. Nickel is known to have
oxidation states of Ni(0), Ni(ll),
Ni(Il), and Ni(IV) in alkaline
media. The first step of nickel
0,04 oxidation is from Ni(0) to a-
Ni(OH),. a-Ni(OH), is slowly
, , , , , changed to B-Ni(OH),, which
02 00 0.2 04 06 08 passivates the nickel electrode

E (V) vs. AgiAgCl surface. B-Ni(OH), thus pro-

Figure 6. CV of physically adsorbed Ni-cored ferritin on Au duced cannot be reduced to

electrode in 0.05 M phosphate buffer (pH 7.5) at a scan rate Ni(0). The 0‘_' _and B-Ni(OH).
of 100 mV/s. are further oxidized to y- and p-

phases of nickel oxides of
higher valences, respectively.*®*” These oxides and oxyhydroxides are believed to have
mixed stoichiometries rather than a definite oxidation state. Figure 6 shows the cyclic
voltammograms of a physically-adsorbed Ni-cored ferritin in 0.05 M phosphate buffer
(pH 7.5) at scan rate of 100 mV/s. The cyclic voltammograms are in good agreement
with those reported in the literature in the potential region that is of interest in this
study.®**" In the case of Ni-cored ferritin, the state of nickel in the self-fabricated ferritin
is not known accurately yet.!? If the valence state of nickel prepared by the self-
fabrication is Ni(lll), i.e., NiOOH, the expected cell potential can be higher, i.e., 0.97 V
(vs. NHE) in the bionanobattery application with Fe(OH),-NiOOH pair. The capacity of
bionanobattery depends on the population of ferritin and the number of metal atoms in
ferritin cavity. In terms of battery performance, multi-stacking of ferritin layers can be an
important way to increase the number of ferritin molecules on Au electrode.
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Electrochemical Site-Specific Reconstitution of Ferritin. An apoferritin was immo-
bilized onto the DTSP and MPOH-modified Au electrode. The faradaic reaction on the
apoferritin immobilized Au electrode did not occur in the potential region of 0.7 to — 0.6
V as shown in Fig. 7a. The reduction of the remaining Fe(lll) inside the ferritin for the
removal of metal core occurs at — 0.7 V with a small shoulder. After platinum ion addi-
tion into the apoferritin, platinum ion is reduced through the potential sweep from 0.2 to
— 1.0 V. The CV of platinum reconstituted ferritin in 0.05 M phosphate buffer (pH 7.5) is
shown in Fig. 7b. New reduction and oxidation peaks were induced from Pt metal in the
phosphate buffer. Two reduction and the corresponding oxidation peaks at a more nega-
tive potential than — 0.5 V are likely due to the phosphate ion reduction and oxidation.
The reduction of platinum oxide and gold oxide occurred at — 0.1 and 0.4 V, respectively.
Each peak current induced from Pt increases depending on the number of dipping cycles.
On the other hand, the reduction process of gold oxide at 0.4 V decreased due to the
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Figure 7. (a) CV of immobilized apoferritin on DTSP and MPOH-modified Au electrode in 0.05 M
phosphate buffer (pH 7.5). (b) CVs of platinum reconstituted ferritin in 0.05 M phosphate buffer for
first and second dipping process. (c) FE-SEM image of Pt-cored ferritin fabricated by electrochemi-
cal site-specific reconstitution using the DTSP and MPOH-modified Au electrode. (d) Frequency de-
crease upon addition of platinum ions such that its final volume ratio of HEPES buffer (0.05 M) to
platinum ions (0.05 M) would becomes 3 to 1. The experiment was performed at open circuit poten-
tial.

increased amount of platinum inside the ferritin. Figure 7c shows FE-SEM image of Pt-
cored ferritin fabricated by electrochemical site-specific reconstitution of ferritin using
mixed SAM-modified Au electrodes. The reconstituted Pt-cored ferritin is well-isolated
and dispersed across the entire electrode. The size of Pt-cored ferritin is slightly smaller
than theoretical because the ferritin size depends on the number of metal atoms inside the
ferritin protein shell. The frequency changes recorded during insertion of platinum ions
into the ferritin were about + 364 Hz for 3000 sec (see Fig. 7d). Based on the number of
apoferritins on Au electrode (5.49 x 10" from QCA data (not shown here)), the total
number of inserted platinum ion inside a ferritin is around 127 due to the large size of
PtCl,%. The electrocatalytic activity for oxygen reduction was evaluated with the electro-
chemically site-specific reconstituted Pt-cored ferritin on a Au electrode. Figure 8 shows
the linear sweep voltammograms (LSVs) for oxygen reduction at a bulk platinum elec-
trode and reconstituted Pt-cored ferritins immobilized on the Au electrodes through vari-
ous surface treatments in 0.05 M phosphate buffer (pH 7.5) saturated with oxygen. The
Pt-cored ferritins used were electrochemically site-specific biomineralized on a Au elec-
trode inserted into the PtCl,> solution for 30 min. In the 10" sweep, oxygen reduction on
the Pt starts from 0.1 and 0.3 V on Pt-cored ferritin and bulk Pt, respectively. The reduc-
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gen. The scan rate was 100 mV/s.
process of oxygen through

the protein shell. The cathodic current density at the chemically prepared Pt-cored ferritin
electrode is the highest for oxygen reduction among the Pt-cored ferritin electrodes due to
the population and number of Pt atoms inside the ferritin. It is important to note that the
amount of Pt in the Pt-cored ferritin electrode is much smaller than bulk Pt at the same
geometric electrode area. The surface coverage and the number of Pt atoms in the elec-
trode unit area are much smaller than those of bulk Pt, but the current density of electro-
chemically prepared Pt-cored ferritin represents only half of bulk Pt electrode. Estimation
of the amount of Pt on the electrode is not quantitative, but is roughly 6 % through the
EDS analysis on the chemically prepared Pt-cored ferritins (not shown here). This indi-
cates that the catalytic activity of the ferritin-stabilized platinum nanoparticles is en-
hanced by the large surface area and particle size phenomena. The results shown here
were reproducible even after the electrode was left exposed to the air for a several days.
The nano-sized platinum-cored ferritins on gold are candidate a good catalyst for the
electrochemical reduction of oxygen, which is applicable to biofuel cell applications.
This results in a smaller catalyst loading on the electrodes for fuel cells or other bio-
electronic devices.

CONCLUSION

The ferritin protein has hydrophobic and hydrophilic molecular channels within the
protein shell, which makes it possible to remove and insert new inorganic phases. By re-
constitution process of site-specific biomineralization within the protein cage, ferritin can
be loaded with Co, Mn, and Ni. They showed good electrochemical behaviors for the
electron transport. Also, platinum anion coordinated with chloride ions enters the ferritin
interior through these channels. Therefore, we can easily modify the electrode surface
using immobilization and electrochemical biomineralization methods with various metal
ion solutions without complicated chemical treatment such as extraction, dialysis, and
column treatment for removing the unbound metal ions. In addition, the catalytic activity
of the nanostructured platinum nanoparticles stabilized with ferritin biomolecules is en-



hanced by the large surface area and particle size effects. This first demonstration of elec-
trochemical site-specific reconstitution of biomolecules provides a new tool for biomin-
eralization and opens the way to fabricate the biologically derived nanoparticle arrays.
This method may open up numerous possibilities for practical applications of immobi-
lized ferritins such as high-density data storage devices, bioelectronic devices, and bio-
Sensors.
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